Introduction
The multifaceted roles of biological nitric oxide (NO) have continued to emerge since the initial discovery that NO is the endothelium-derived relaxing factor (EDRF). [1] [2] [3] Subsequent studies revealed that nitric oxide is an important signaling molecule in the immune, cardiovascular, and nervous systems. [4] [5] [6] The delicate balance of NO production, action, and translocation requires tightly regulated homeostasis because a breakdown in NO homeostasis is associated with a variety of pathological conditions ranging from carcinogenesis to neurodegradation. [7] [8] [9] [10] [11] [12] [13] In order to advance our understanding of pivotal roles played by NO in plants, bacteria, invertebrates, and mammals, chemists have devised strategies to detect this important biological messenger. 6, [14] [15] [16] [17] [18] [19] Although several strategies are currently employed to detect NO either directly or indirectly, the use of fluorescent probes offers distinct advantages, including high sensitivity and convenience when applied using common microscopic techniques, to yield valuable spatiotemporal information on biologically generated NO.
Fluorescent probes based on small molecule fluorophores, single-walled carbon nanotubes (SWNTs), and proteins have been reported. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Small molecule fluorescent probes typically rely on one of two strategies for NO detection. The first strategy utilizes organic moieties with electron-rich components, such as 1,2-diaminobenzenes, that react with an oxidation product of NO, such as N 2 O 3 , to form an electron deficient product, such as a triazole, to modulate the emission of the fluorophore. 22, [32] [33] [34] [35] Although such probes comprise the majority of small molecule fluorescent sensors for NO, their inability to react with NO directly, relying on an indirect response that requires a sufficiently oxygenated environment to function, is a liability. The second main strategy used in the preparation of small molecule-based NO probes is to employ transition metals to modulate the fluorescence of a pendant fluorophore. In contrast to purely organic NO probes, metal-based probes detect NO directly.
The close proximity of a transition metal can either quench the fluorescence of a pendant fluorophore until it reacts with NO, or it can facilitate reaction of NO with a dye component. Metal-based fluorescent probes include those based on Co(II), Fe(II), Ru(II), Cu(II), or Rh(II). 32, [36] [37] [38] [39] [40] [41] Previously, we reported FL1 and FL2 fluorescent probe families for imaging endogenous nitric oxide in live cells and tissue; these sensors employ Cu(II) to modulate NO reactivity. 25, 36, [42] [43] [44] [45] The probes bind Cu(II) at an 8-aminoquinaldine unit appended to the fluorophore. Upon treatment with NO under anaerobic conditions, the Cu(II) ion is reduced to Cu(I) with concomitant nitrosation of the secondary nitrogen to form the fluorescent nitrosamine product (Figure 1 ). 43, 46 Probes from the CuFL1 and CuFL2 families can detect endogenous NO in cell culture and live tissue slices, emitting in the region of the spectrum typical for fluorescein-based dyes, with maxima near 525 nm. To improve the utility of these NO probes, scaffolds that emit at longer wavelengths are desirable. Such probes would not only expand the palette of colors available for multi-dye imaging experiments, but also require lower energy excitation and thus diminish tissue damage. Furthermore, longer wavelength probes facilitate deeper imaging in live tissue slices or live animals. To address these goals, the FL1 scaffold was modified to emit at longer wavelengths by extending the fluorescein system to a seminaphthofluorescein moiety.
Here, we report the synthesis, photophysical characterization, and cellular imaging experiments of a family of seminaphthofluorescein-based SNFL probes that are selective for nitric oxide. 
Results and Discussion
To extend the emission wavelengths of the FL1 family of NO probes, we adopted similar synthetic methodologies to extend the π-system by incorporation of a seminaphthofluorescein moiety.
Seminaphthofluorescein dyes have been used as fluorescent probes for numerous biological applications including metal ion detection and pH measurements. [47] [48] [49] [50] [51] [52] [53] Such dyes typically emit between 550 and 625 nm, values compatible with common yellow, orange, or red filter sets in fluorescence microscopes.
Synthesis. The first step in the synthesis of the seminaphthofluorescein NO probes involved bromination of the benzoate derivative 1 to form the desired bromomethyl species 3 (Scheme 1). 53 During this reaction, we noticed that an excess of brominating agent 2 and at extended times resulted in over-bromination to yield 4. The position of the bromine atom was confirmed by 2D NMR spectroscopy and single crystal X-ray crystallography (Figures S1-S3, Table S1 ). Kornblum oxidation of the bromomethyl derivative 3 and 4 yielded the respective aldehydes 5 and 6, which were coupled to substituted 8-aminoquinaldines (7, 8) by reductive amination to yield the final constructs SNFL1, SNFL1E, SNFL1 Br , and SNFL1E Br . Photophysical Properties. The seminaphthofluorescein probes show two overlapping bands in the UV-vis spectrum at ~495/520 nm for SNFL1 (ε 496 = 8500 ± 100 M -1 cm -1 , ε 517 = 8700 ± 100 M -1 cm -1 ) and SNFL1E (ε 496 = 5030 ± 40 M -1 cm -1 , ε 519 = 5200 ± 50 M -1 cm -1 ) and at ~505/530 nm for the brominated analogs SNFL1 Br (ε 505 = 4450 ± 50 M -1 cm -1 , ε 530 = 4650 ± 40 M -1 cm -1 ) and SNFL1E Br (ε 501 = 4070 ± 40 M -1 cm -1 , ε 532 = 3930 ± 30 M -1 cm -1 ). The Cu(II) complexes display slight bathochromic shifts in absorbance maxima but otherwise have photophysical properties similar to those of the free ligands (Table 1 ). Excitation at either of the absorbance maxima results in weak emission in the range 535-545 nm, corresponding to the off-states of the probes. Influence of Zn(II) on Fluorescence. Because of the similarity of the seminaphthofluorescein scaffolds to previous Zn(II) sensors developed in our laboratory, 53, 54 and because NO mediates Zn(II) release from metallothioneins, [55] [56] [57] we investigated the potential of Zn(II) to elicit a fluorescence response from the seminaphthofluorescein-based NO probes. In particular, we titrated CuSNFL1 and CuSNFL1 Br with Zn(II) and monitored the integrated emission as a function of added Zn(II) ( Figure 5 ). analyzed with either the Volocity software or ImageJ. 62 All fluorescent images were corrected for background. Uncorrected images are shown in the Supporting Information (Figures S15-S18 ). SAINT and empirical absorption corrections were applied with SADABS. 64 The structures were solved by direct methods with refinement by full-matrix least squares based on F 2 using SHELXTL-97. 65, 66 All non-hydrogen atoms were located and their positions refined anisotropically. Hydrogen atoms were assigned to idealized positions and given thermal parameters equal to 1.2 times the thermal parameters of the atoms to which they were attached.
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